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Abstract 
We investigate electron removal processes in the proton-methane collision system in the 20 keV to a few MeV energy regime. 
The two-centre basis generator method is used within the independent electron model to study this problem. Results for net 
capture and ionization are compared with available experimental and theoretical studies as well as with results obtained from 
Bragg’s additivity rule. Good agreement is observed at high energies. At lower energies the situation is less clear. However, for 
ionization at intermediate energies we achieve good agreement with experimental results when we take target excitation into 
account. 
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1. Introduction 
Collision systems with hydrocarbon molecule targets have been the subject of interest due to a high number of 
applications in various fields. While there is a wide range of experimental data available for different collision 
systems with hydrocarbon molecules, theoretical studies are scarce and challenging due to the presence of many 
electrons as well as the multi-centre nature of hydrocarbon targets. 
In a previous work [1], electron removal and fragmentation processes in p-H2O collisions were investigated. The 
calculations were carried out by applying the two-centre basis generator method (TC-BGM) [2] within the 
independent electron model (IEM) to the ion-molecule system. The results obtained show consistency with 
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experimental data. In this work, we use similar methods to calculate net ionization and capture cross sections in the 
p-CH4 collision system. Experimental studies for net ionization in p-CH4 collisions have been reported some time 
ago [3, 4, 5, 6]. In a more recent paper [7] those cross sections as well as their uncertainties have been combined to 
yield “recommended data”. Similarly, for net capture experimental cross sections are available at different impact 
energies [3, 8, 9]. On the theoretical side, the continuum distorted-wave with eikonal initial-state (CDW-EIS) 
approach has been applied to calculate q-fold ionization cross sections [10]. 
 
Atomic units are used throughout this work, unless stated otherwise. 
 
2. Theory 
 We are interested in the p-CH4 collision system at impact energies above 20 keV. These collisions are fast 
enough compared to the molecular time scale that we can safely neglect the molecular rotations and vibrations. The 
projectile is assumed to follow a classical straight-line trajectory, which is characterized by the impact parameter b 
and a constant velocity. We address this collision system within the IEM in which the full many-body time-
dependent Schrödinger equation (TDSE) is approximated by a set of single-electron orbital equations  
 ˆ| ( ) = [ ( )] | ( )T Pti t H V t tDEJ DEJ DEJ\ \* *w   (1) 
 for the initially occupied molecular orbitals (MOs)  
 | ( ) = .itDEJ DEJ\ * *  (2) 
 The molecular orientation is specified by the Euler angles ( D , E , J ). The original coordinate system 
( 0=== JED ) is taken to be that of [11]. THDEJˆ is the target Hamiltonian which includes an effective potential 
on the Hartree-Fock level. Furthermore, )(tV P  is the potential that describes the interaction between an electron 
and the projectile. 
Due to the difficulties that arise from the multi-centre nature of the target our approach is based on two ideas: 
First, we use the spectral representation of the target Hamiltonian  
 ˆ = | |,THDEJ DEJ DEJH/
/
/ /¦  (3) 
 where /H  are the energy eigenvalues corresponding to the MOs DEJ/ . Second, we expand the initially populated 
MOs in a single-centred, orthonormal basis:  
 | = | .nlm nlm
nlm
d DEJDEJ I// ¦  (4) 
 Our collisional calculations are restricted to those molecular orientations in which the system is invariant with 
respect to a reflection about the y-axis (assuming that the collision plane is the x-z plane). This symmetry is realized 
when two of the hydrogen atoms are in the collision plane and the other two hydrogen atoms are mirror images with 
respect to this plane. Thus, within this framework we can only consider four orientations. Given that we have found 
rather similar results for them, this should not be a serious limitation of our approach. 
The TDSE (1) is solved by expanding the solutions in a TC-BGM basis set:  
 ,| ( ) = | ( ) .i i
i
t a tDEJ DEJ\ F* *¦  (5) 
 The TC-BGM basis includes all KLM  shell atomic orbitals (AOs) on the carbon atom (to represent the molecular 
target according to Eq. (4)), all hydrogen KLMN  shell states on the projectile as well as a set of pseudostates to 
represent the continuum. 
To find the net probabilities, we first obtain state-to-state transition amplitudes. The transition amplitudes 
18   Arash Salehzadeh and Tom Kirchner /  Physics Procedia  66 ( 2015 )  16 – 21 
 
to the projectile states | pk ۄ are given by  
 ( ) = | ( )Pif f p fA t k tDEJ\ *  (6) 
 and correspondingly, net capture is calculated as  
 2
1=
||= Pif
P
f
N
i
cap AP ¦¦  (7) 
 with sums that run over all ( N ) electrons and all projectile states included in the basis. For net ionization we use 
the unitarity of the problem:  
 .||= 2
1=
T
if
T
f
N
i
capion APNP ¦¦  (8) 
 The target amplitudes TifA  are obtained in two ways. First, we use  
 ( ) = | ( )Tif f fA t tDEJ DEJ\ */  (9) 
 where only the MOs that form the molecular ground state are considered. Thus, at the final time, the electrons are 
either in the target ground state, bound to the projectile or in the continuum. Consequently, target excitation is 
completely neglected. Alternatively, we use  
 ( ) = | ( )Tif f T fA t k tDEJ\ *  (10) 
 where | Tk ۄ denote the target AOs included in the basis. Since these states overlap with excited MOs target 
excitation is approximated. 
Net cross sections can be found from the net probabilities in the following way:  
 .)(= bdbP
&&
DEJDEJV ³  (11) 
 Similar to the probabilities, these cross sections are orientation-dependent. Experimentally, however, one cannot 
control the molecular orientation. Hence, we need to find orientation-averaged cross sections. To this end, we 
average the orientation-dependent net probabilities for the four considered orientations  
 )....(
4
1=)(
444111 JEDJED PPbPavg   (12) 
 Then, by assuming that the average probability is orientation-independent the orientation-averaged cross section is 
obtained in the following way:  
 .)(2=)(=
0
dbbbPbdbP avgavgavg ³³ fSV &  (13) 
 The validity of the above approximation was verified for both capture and ionization. 
In addition to using the molecular TC-BGM we studied the collision system by applying Bragg’s additivity 
rule, which states that the molecular net cross sections are the sums of atomic ones. Thus, for CH 4  the ion-
molecule problem is reduced to the sum of five ion-atom collisions  
 .4=
4 HcCH
VVV   (14) 
 The results are shown and discussed in the next section. 
 
3. Results and Discussion 
  Our results for the net ionization and capture cross sections as functions of impact energy are shown in 
Figures (1) and (2) respectively. For net ionization, both the results obtained from the molecular TC-BGM and from 
Bragg’s additivity rule are consistent with the experimental data at high energies. However, at low and intermediate 
energies the calculated cross sections are well above the experimental ones. For our molecular method when 
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equation (10) is used instead of equation (9) to calculate the target transition amplitudes (i.e., when excitation is 
taken into account), the cross sections are reduced. A remarkable improvement is obtained when excitation is 
considered with a larger basis set i.e., when the N  shell target states are added to the TC-BGM basis, but are not 
used to represent the initially populated MOs. At the final time, electrons can be bound to those target states which 
means that more room for excitation is allowed. As is evident from Figure (1), for 100tE  keV we obtain almost 
perfect agreement with the experimental results with this method to analyze the TC-BGM calculations.  
 
Figure 1: Net ionization cross section as a function of impact energy for p-CH4 collisions. The solid line shows the 
results obtained from analysis (9).  The dashed line shows the results obtained from using equation (10). For the 
cross sections shown by the dash-dotted line equation (10) has been used and target states of the N  shell are also 
included in the TC-BGM basis. The dotted line shows the cross section obtained by Bragg’s additivity rule. The 
long dashed lines are the CDW-EIS cross sections from [10]. The experimental data (x ) are the recommended cross 
sections from [7] where the experimental data from [3, 4, 5, 6] with their corresponding uncertainties have been 
combined. 
 
In [1] for the p-H 2 O problem, target excitation was neglected. Unlike for the p-CH 4  problem, the target 
excitation channel seemed unimportant as the model predicted the experimental data fairly well. In the present case, 
despite the good agreement at intermediate and high energies, the situation is different at low energies. The results 
obtained from the analysis including target AOs up to the N  shell show an unphysical behaviour as no maximum is 
obtained down to 20=E  keV. Overall, all of the molecular TC-BGM models behave poorly at low impact 
energies. One reason could be a lack of convergence of the TC-BGM basis set. Another reason may be the 
approximation involved in the spectral representation of the molecular Hamiltonian. Only five MOs (that represent 
the molecular ground state) have been included in the sum which may be insufficient, but is difficult to improve 
upon given that the MOs are represented in a single-centre basis (equation (4)). Some numerical issues may also 
contribute to this problem at low energies particularly for the larger basis set. However, the results provide a strong 
indication of the significance of target excitation processes. 
Also included in Figure 1 are results obtained from the CDW-EIS method [10]. The model predicts the 
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experimental data well for 100>E  keV, although the cross section curve lies slightly above the experimental data 
points. Overall, all of the models have limitations at low impact energies and appear to be restricted to intermediate 
and high energies. 
  
Figure 2: Net capture cross section as a function of impact energy for p-CH 4  collisions. The solid line shows the 
cross sections obtained from the molecular TC-BGM. The dotted curve shows the cross sections obtained from 
Bragg’s additivity rule. The dashed curve represents the SCAR result. The experimental data shown by (x ), (྅) 
and (ི) are from [3], [9] and [8], respectively. 
 
For capture (Figure 2), we consider the impact energy range of 20-200 keV. The molecular TC-BGM 
predicts the overall behaviour better than Bragg’s additivity rule, although at energies below 100 keV the results are 
above the experimental data. Bragg’s additivity rule predicts the experimental results well for 60>E  keV while at 
lower energies the model is not applicable. The reason is that in Bragg’s rule we have to consider four p-H collisions 
for which electron capture becomes resonant toward low impact energies, whereas there is no such resonance in p-
CH 4 . Therefore, in order to use Bragg’s additivity rule in this energy regime one has to make corrections. One 
suggested model, originally applied to electron-molecule scattering, is the screening corrected additivity rule 
(SCAR) [12]. It has been argued in [12] that at low energies individual atoms cannot be considered as independent 
scatterers and multiple scatterings within a molecule take place. To that end, screening coefficients have been 
introduced and multiplied to each atomic cross section to account for the overlaps between the atoms:  
 ii
i
SCAR sVV ¦=  (15) 
 with 10 dd is . Even though it is not obvious that the same model with the same coefficients should be applicable 
to ion-impact collisions, we use it here for the electron capture channel. It it interesting to see (Figure (2)) that the 
results are significantly improved compared to the standard Bragg results. 
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In conclusion, our molecular method seems to be restricted to intermediate and high impact energies for the p-CH 4  
collision system. The results suggest that target excitation processes are important. Similarly, Bragg’s additivity rule 
is consistent with the experimental results at high energies while there are discrepancies at low and intermediate 
energies. For capture at low energies the application of the SCAR model leads to significantly improved results. 
This extension of Bragg’s additivity rule will be the subject of further studies.  
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